Biocatalysts are essential for the development of bioprocesses efficient for plant biomass degradation. Previously, a metagenomic clone containing DNA from termite gut microbiota was pinpointed in a functional screening that revealed the presence of arabinofuranosidase activity. Subsequent genetic and bioinformatic analysis revealed that the DNA fragment belonged to a member of the genus Bacteroides and encoded 19 open reading frames (ORFs), and annotation suggested the presence of hypothetical transporter and regulator proteins and others involved in the catabolism of pentose sugar. In this respect and considering the phenotype of the metagenomic clone, it was noted that among the ORFs, there are four putative arabinose-specific glycoside hydrolases, two from family GH43 and two from GH51. In this study, a thorough bioinformatics analysis of the metagenomic clone gene cluster has been performed and the four aforementioned glycoside hydrolases have been characterized. Together, the results provide evidence that the gene cluster is a polysaccharide utilization locus dedicated to the breakdown of the arabinan component in pectin and related substrates. Characterization of the two GH43 and the two GH51 glycoside hydrolases has revealed that each of these enzymes displays specific catalytic capabilities and that when these are combined the enzymes act synergistically, increasing the efficiency of arabinan degradation.
I
t is a widely held opinion that biocatalysts will play an essential role in the development of the bio-based economy, basically because these are exquisitely adapted to the modification of complex biomolecules and can perform cascade reactions. In this respect, in nature microorganisms generally deploy incredibly complex arsenals of enzymes, notably glycoside hydrolases (GHs), to break down complex plant biomass in sophisticated processes that are not yet completely elucidated but which are very often characterized by complex interplay between different GHs and between GHs and other enzymes and abiotic reagents (1, 2) . Harnessing the power of enzymes for the industrial conversion of plant biomass is thus not an easy task, since microbial strategies are not easily imitated, especially when process economics has to be taken into account. However, in-depth understanding of the processes involved and the interplay between individual enzymes is a prerequisite for the formulation of cocktails that are used to hydrolyze specific plant cell wall structures.
The plant cell wall contains a large number of polysaccharides (3), whose complexity can be exemplified by that of pectins, a heterogeneous group of polysaccharides that can comprise as much as 30% of dicot cell walls and gymnosperms (4, 5) . Among pectins, rhamnogalacturonan I (RGI) is composed of a backbone made up of repeating units of ␣-D-galacturonic acid and ␣-Lrhamnose, which is highly decorated with side chain structures, arabinan being the most abundant of these (6) . Arabinan consists of a backbone containing ␣-1,5-linked L-arabinofuranosyl residues that can be substituted with ␣-1,2 and ␣-1,3-linked L-arabinofuranosyl side chains (6) . Previously, in vitro studies have provided evidence of interactions between neutral pectins, such as arabinan, and cellulose (7) , an observation that provides a rationale for the fact that the inclusion of pectinases in cellulase cocktails can be beneficial for the hydrolysis of certain biomass pulps (8, 9) .
The CAZy classification groups GHs into families according to sequence similarities (10) (www.cazy.org). Regarding arabinan degradation, at least three distinct enzymatic activities are required and the associated CAZymes are found in different CAZy families. Exo-␣-L-1,2-and exo-␣-L-1,3-arabinofuranosidases (EC 3.2.1.55) are encountered in families GH43, GH51, and GH62, and exo-␣-L-1,5-arabinofuranosidases (EC 3.2.1.55) are found in GH43 and GH54, whereas endo-␣-L-1,5-arabinanases (EC 3.2.1.99) have thus far only been described in GH43. In addition, exo-␣-L-1,5-arabinanase (EC 3.2.1.-) has been described in the family GH93. These latter enzymes release arabinobiose as a major product from linear arabinan (11, 12) . In the genomes of biomass-degrading bacteria, notably those present in gut environments, GH-encoding sequences are often grouped together in loci that are dedicated to the breakdown of specific polysaccharides (13) . Good examples of such loci, or gene clusters, have been identified in the genomes of Gram-negative bacteria belonging to the genus Bacteroides, which are known to degrade a wide variety of plant polysaccharides (14, 15) . Polysaccharide utilization loci (PUL) usually encode cell envelope-associated proteins that confer to bacteria the ability to specifically recognize and hydrolyze polysaccharides and transport the sugar products into the cell for further metabolism. An early and now well-studied example of a PUL is the starch utilization system (Sus) that is comprised of an outer-membrane-associated binding complex, composed of four proteins (SusC, SusD, SusE, and SusF), and a starch hydrolytic machinery, composed of SusG, SusA, and SusB. Together, these Sus components hydrolyze starch to glucose (16) . More recently, other Sus-like PUL have been described for the hydrolysis of hemicelluloses and pectins, notably in members of the genus Bacteroides (2, 17) .
In recent years, the discovery of new GHs has been accelerated through the use of high-throughput methods, such as metagenomics, which not only reveal individual enzyme-coding sequences but also PUL that provide precious clues as to how complex polysaccharides are degraded by microorganisms that produce large enzyme arrays (18) (19) (20) (21) (22) . In a recently published study (22) , we described the metagenomic analysis of the microbiota of the fungus-growing termite, Pseudacanthotermes militaris. In that study, we identified several GH clusters, including one that is part of a 41-kb metagenomic DNA fragment (designated clone G12) that has been correlated with an arabinofuranosidasetype phenotype when the clone is harbored by Escherichia coli cells. According to sequence analysis, this cluster is composed of two putative GH43 arabinanases or arabinofuranosidases (Abn43A and Abn43B) and two GH51 arabinofuranosidases (Abf51A and Abf51B, with the latter being part of a multimodular enzyme). In addition, the cluster appears to belong to a PUL, which also encodes several putative protein components of a pentose metabolism pathway. Finally, taxonomic assignment of the genes present in clone G12 fragment has led us to postulate that the fragment arises from a bacterium belonging to the genus Bacteroides.
In the present study, we set out to better understand the function of this newly identified PUL candidate, performing biochemical characterization of each of the putative arabinose-active enzyme components in order to determine the specificity and the action of each of these. As a result, we have succeeded in revealing enzyme synergy and provided evidence that suggests that the PUL under study is an arabinan utilization locus, as well as providing a biochemical description of each enzyme.
MATERIALS AND METHODS
The fosmid sequence studied here was previously deposited under GenBank accession number HF548278.
Bioinformatic analysis of the arabinose utilization locus. Promoter regions and ribosome binding sites (RBS) were tentatively identified by comparing query sequences with previously described consensus sequences (23) and (24) . Rho-independent terminators were detected using ARNold Finding Terminators software (http://rna.igmors.u-psud.fr /toolbox/arnold/) and taxonomic assignments were achieved using the MEGAN software (http://ab.inf.uni-tuebingen.de/software/megan/) (22, 25, 26) . Putative signal peptide sequence analysis were performed using SignalP software (27) . Hemicellulolytic CAZymes and single open reading frames (ORFs) were analyzed both by using blastx (http://blast.ncbi.nlm .nih.gov/), searching against the nonredundant NCBI and Swiss-Prot databases, and by performing another search using the CAZy database (http: //www.cazy.org/) as previously described (22) .
Gene cloning and standard protein procedures. The sequences encoding Abf51A (CCO20976.1), Abf51B (CCO20994.1), Abn43A (CCO20984.1) and Abn43B (CCO20993.1), all previously identified within the metagenomic fragment G12 (HF548278), were cloned into the plasmid pET28a and expressed as previously described (22) . Abf51B is an enzyme displaying an unusual multimodular configuration of the type CBM4-Abf51B-Abf43C. The sequences encoding CBM4-Abf51B trunc and Abf43C trunc were cloned in the present study according to the same method and using the forward primers 5=-GGGGGGGCTAGCGCGCAA ACCAACGAACTGGTG-3= and 5=-GGGGGGCATATGAAAGAGACCG CTTTCGTAGCCACG-3=, respectively, and the reverse primers 5=-CCC CCCCTCGAGTCATTGTGGCGTAAAGATATAGACTGC-3= and 5=-C CCCCCCTCGAGCTATATCCCCTCGGAGGTCATC-3=, respectively. The recombinant proteins, all harboring His 6 tags at their N-terminal extremities, were purified by applying cell lysates to Talon metal affinity resin (Clontech, USA), with elution of the proteins in 100 mM imidazole being achieved according to the manufacturer's instructions. After purification, Abn43B was concentrated by using an Amicon centrifugal unit (50-kDa cutoff). All purified recombinant proteins were conserved at 4°C in 50 mM phosphate buffer (pH 7.0).
Protein concentrations were determined by measuring the absorbance of purified protein solutions at 280 nm using a Cary 100 Bio UV-visible spectrophotometer (Agilent Technologies, Santa Clara, CA) and applying the Beer-Lambert relationship using extinction coefficient values calculated by using ProtParam software (http://web.expasy.org/protparam/) for each enzyme. Similarly, theoretical protein molecular masses were calculated using ProtParam software.
Enzyme activity determination. Enzyme activities on synthetic paranitrophenol (pNP) glycosides were measured by monitoring the release of pNP-OH spectrophotometrically (405 nm) using a microtiter plate absorbance reader (Sunrise; Tecan, Switzerland). Working in triplicate, an aliquot of enzyme was added to 50 mM phosphate buffer (pH 7.0) containing a pNP-glycoside (5 mM) and bovine serum albumin (BSA; 1 mg/ml), which was then incubated at 30°C, removing 100-l samples at regular intervals. Upon removal, the samples were immediately combined with 500 l of cold 1 M Na 2 CO 3 and placed on ice before the absorbance was determined. The specific activity was determined by comparing the experimental absorbance values to a pNP-OH standard curve ranging from 0 to 1 mM. One unit of activity was defined as the amount of enzyme required to release 1 mol of pNP-
, and pNP-␤-D-glucopyranoside (pNP-Glcp) were purchased from Carbosynth, Ltd. (Berkshire, United Kingdom).
The amount of reducing sugars released from polysaccharides during enzyme-catalyzed hydrolysis was determined discontinuously by using 3,5-dinitrosalicylic acid (DNS) reagent. Sugar beet arabinan (SBA), debranched arabinan (DA), wheat arabinoxylan (WAX), and larch arabinogalactan (LAG), all purchased from Megazyme International (Bray, Ireland), were used as substrates at a concentration of 10 mg/ml. Reactions, performed in triplicate, were incubated for 1 h at 30°C in 50 mM phosphate buffer (pH 7.0) containing BSA (1 mg/ml). At regular intervals, 100 l of the reaction were added to 100 l of DNS and kept on ice until all samples were ready to be placed at 95°C. After the samples were heated for 5 min and cooled on ice, 50-l portions were diluted in 250 l of deionized water for absorbance measurement at 540 nm. A standard curve was prepared using L-arabinose. This was used to calculate the specific activities, which were expressed as the quantity of arabinose released (in mol) per liter per min and per mg of protein.
Determination of pH and temperature optima. The apparent optimal temperature for activity of the different enzymes was determined by measuring the enzyme activity on the preferred substrate in the temperature range from 25 to 55°C. Reactions were conducted in a solution of phosphate buffer 50 mM (pH 7.0) supplemented with 1 mg/ml BSA and an appropriate amount of substrate and enzyme. Although the actual pH of the phosphate buffer was lower (Ϫ0.14 pH units) at 55°C compared to the temperature at which the buffer was prepared (21.5°C), this was not taken into account, because the pH optima were generally estimated with an accuracy of less than Ϯ0.5 pH units. For Abf51A and Abf51B trunc , reactions were performed using 93 and 9 M enzyme, respectively, with 5 mM pNP-Araf. For Abn43A (92 M) and Abn43B (0.5 M), SBA and DA (at 0.5% [wt/vol]), respectively, were used as the substrates. All enzymatic assays were carried out in triplicate, and at least seven temperatures were assayed for each enzyme.
The apparent optimal pH for the activity of each enzyme was determined in an identical manner, except that all reactions were performed at 30°C in the pH range from 4.0 to 8.0 (measurements were performed using at least seven pH values). For assays performed at pH 4.0 to 6.0, the 50 mM phosphate buffer was replaced by 50 mM citrate buffer.
Enzyme stability assays. To ascertain the effects of temperature and pH on enzyme stability, triplicate samples of enzymes were incubated at least in three different buffer (pH) conditions and at three different temperatures for between 15 min and 24 h before determining the enzyme activity using the previously described protocol and the enzyme's preferred substrate and optimal pH or temperature. The measured activities were expressed as a percentage of the normal enzyme activity (i.e., the activity measured with no incubation).
Determination of kinetic parameters. To determine Michaelis-Menten constants, the initial rate of enzyme activity was measured under optimal operating conditions (pH and temperature) using a range of substrate concentrations (0.125 to 6% [wt/vol] for polysaccharides and 0.2 to 6 mM for pNP-glycosides) and collecting at least seven data points in triplicate in each case. The data analysis was performed using the enzyme kinetics module embedded in the SigmaPlot 11.0 software (Systat Software, USA). This provided values for k cat and K m . In the case of reactions involving polysaccharides, the computed K m value was necessarily only an apparent value.
In addition, Abn43B catalytic parameters were determined on arabinooligosaccharides (AOS) arabinobiose (A2) to arabinohexaose (A6) (Megazyme International, Bray, Ireland). Abn43B (0.45 M) was incubated with individual AOS at concentrations ranging from 0.1 to 5 mM in 1 ml of 50 mM phosphate buffer (pH 6.0) supplemented with 1 mg/ml BSA, in duplicate in each case. At regular time intervals (i.e., at 0, 2, 5, 7, 10, 15, 20, 30, and 60 min), aliquots were removed and analyzed using high-performance anionic-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) using an ICS 3000 dual (Dionex, France) equipped with Carbo-Pac PA-100 analytical and guard columns (250 by 2 mm and 50 by 2 mm, respectively). To perform HPAEC analyses, 5 l of sample was injected, and analytes were separated in 500 mM sodium acetate-150 mM NaOH at a 1-ml/min flow rate. Calibration was achieved using arabinose and AOS (A2, A3, A4, A5, and A6) at concentrations from 5 to 60 mg/liter. The catalytic constants k cat and K m were determined using nonlinear regression from the enzyme kinetics module embedded in the SigmaPlot 11.0 software.
Determination of the mode of action of the enzymes alone and in combined reactions. To procure a preliminary understanding of the linkage preferences of the four arabinose-active enzymes, the activity of each one was evaluated on SBA and on linear arabinan (LA), a polymer of ␣-1,5-linked L-arabinosyl residues. These tests were achieved by adding 2 g of enzyme to a 1 ml of 50 mM phosphate buffer (pH 6.5) containing 1 mg/ml BSA and 0.5% (wt/vol) polysaccharide substrate, followed by incubation at 30°C. After mixing, 100-l aliquots of the reaction mixture were removed at regular intervals (at 0, 1, 2, 4, 8, and 24 h), and the reaction was stopped by the immediate addition of the DNS reagent, followed by boiling for 5 min, cooling on ice, and dilution in 50 l in 250 l of deionized water. Afterward, the absorbance was measured at 540 nm in order to quantify free reducing ends. The reaction mixture remaining at the end of the kinetics study was heated at 95°C for 15 min to stop the reaction, and then the products were analyzed by HPAEC-PAD (see above).
Having investigated the action of single enzymes on arabinans, similar experiments were performed using enzyme combinations in which enzymes were deployed pairwise with three enzymes or all four enzymes at concentrations of 2 g/ml each. The overall experimental protocol was similar to that described above. Both DNS reducing-sugar and HPAEC-PAD analyses were performed. For each reaction, a synergistic index was calculated by determining the ratio between experimentally derived activities and theoretical results obtained by the addition of individual activities.
RESULTS
Analysis of the G12 fosmid: sequence, organization, and annotation. The G12 metagenomic clone described by Bastien et al. was initially isolated by using the chromogenic substrate 5-bromo-4-chloro-3-indolyl-␣-L-arabinofuranoside, which primarily reveals ␣-L-arabinofuranosidase activity. This finding was corroborated by the fact that a cell lysate of clone G12 was able to hydrolyze pNP-Araf and by the results of a bioinformatic analysis that revealed the presence of four putative arabinofurano-hydrolases ( Fig. 1) , including two putative GH51 ␣-L-arabinofuranosidases, one of which forms a larger, multidomain enzyme (22) .
Pursuing previous bioinformatics work that revealed the four putative arabinofurano-hydrolases and allowed the assignment of the 41-kb metagenomic fragment to the genus Bacteroides (22), we determined in the present study that the DNA fragment contains a total of 19 ORFs, as well as four promoter sites, 18 ribosome binding sites (RBS), and two rho-independent terminator regions ( Fig. 1) . Overall, these results imply that the fragment bears three gene operons that encode a total of 19 putative proteins. The results of the BLAST analysis of the individual protein sequences revealed that most of these, except those encoded by ORF16 and ORF17, displayed strong similarities to protein components of known polysaccharide utilization operons, including proteins involved in polysaccharide recognition, degradation, or monosaccharide utilization (Table 1 ). The araL-araK and araJ-araI pairs of ORFs found in the operon araLKJIH-abnA-araGFEDCB-araAabfA encode proteins that share more than 80% identity with the susC-susD pair found in numerous Bacteroides species, especially the one from B. thetaiotaomicron (15) . On the same operon, araGFEDCB encodes proteins that share between 30 and 79% identity with proteins involved in L-arabinose metabolic pathways. Finally, araA corresponds to a putative GH97 enzyme, a family of proteins that has previously been observed in sus multigene clusters (28) , and the abfA gene encodes an enzyme that is classified as a GH51 arabinofuranosidase. The second operon is composed of orf16, orf17, and araM. The latter (araM) encodes a protein that shares 66% identity with an annotated two-component sensor histidine kinase/response regulator (15) . Significantly, a similar protein has been shown to be responsible for the expression of a polysaccharide utilization locus in Bacteroides thetaiotaomicron (2) . Regarding ORF16 and ORF17, BLAST analysis failed to reveal any significant homology with known protein sequences. The third operon, abnB-abfB, encodes Abn43B and Abf51B, which have been shown to be an arabinanase and an arabinofuranosidase, respectively (22) (Fig. 1) .
In summary, when combined with the knowledge that clone G12 expresses arabinofuranosidase activity, these data suggest a Sus-like organization and an arabinose utilization function for the three gene operons. Regarding the cellular localization of the GHs, the presence of putative peptide signals was detected, suggesting that the proteins might be secreted. However, the results of the analysis were insufficiently precise to predict the exact cellular localization.
Characterization of the four arabinofurano-hydrolases: Abf51A, Abf51B, Abn43A, and Abn43B. In order to characterize the PUL, the sequences encoding Abf51A, Abn43A, and Abn43B were successfully cloned and expressed in E. coli to permit the production of soluble proteins. Unlike Abf51A, Abf51B, is part of a multimodular enzyme CBM4-GH51B-GH43C. Therefore, to analyze the activity of each of the catalytic modules of this enzyme, the entire protein and two truncated forms, Abf51B trunc (CBM4-GH51B) and trunc Abn43C (GH43C), were cloned into E. coli (Fig. 2) . Unfortunately, the overexpression of the entire protein and trunc Abn43C could not be achieved, although it was possible to express CBM4-Abf51B, here referred to as Abf51B trunc .
(i) Optimal parameters. Abf51A, Abn43B, and Abf51B trunc showed optimal activity in a pH range of 5.5 to 7.0, while Abn43A was more active in a pH range of 4.5 to 6 ( Table 2 ). The apparent optimum temperatures of the different enzymes were in the range 45 to 55°C for Abf51A, Abf51B trunc , and Abn43A, whereas Abn43B showed a maximum activity at lower temperature, with the optimum being at 37°C, and exhibited rapid precipitation above 40°C. Once the optimal conditions for the measurement of enzyme activities was established, it was possible to investigate enzyme stability. In particular, these analyses revealed that Abf51B trunc was quite unstable, losing up to 90% of its activity after being held at 37°C for 24 h, although this activity loss was attenuated at 30°C. Similarly, at 30°C and pH 6.5, the activities of the three other enzymes remained quite stable over a 24-h period.
(ii) Characterization of enzyme specificity and kinetics. Both Abf51A and Abf51B trunc were active on pNP-Araf, but only Abf51B trunc displayed activity on the 5-hydroxymethyl analog, pNP-Galf, although this activity was lower than that observed on pNP-Araf. Abf51A was also shown to release reducing sugars from both SBA and WAX (Table 3) , unlike Abf51B trunc that only released reducing sugars from DA. SBA and DA are pectic polymers, both consisting of main chains composed of ␣-1,5-linked L-arabinosyl residues. However, the main chain of SBA is also decorated by single or double L-arabinosyl substitutions that are linked via ␣-1,2 and/or ␣-1,3 bonds (6, 29) . Similarly, Abn43A displayed a slightly higher (ϳ1.2-fold) catalytic performance on SBA than on DA, while Abn43B was inactive on SBA but highly active on DA and ␣-1,5-linked L-arabino-oligosaccharides. These observations were corroborated by complementary assays performed using SBA and LA as substrates, which showed that Abf51B trunc displays a marked preference for linear (unbranched) polysaccharides (data not shown), which is in sharp contrast to the behavior of Abf51A. Regarding Abn43A and Abn43B, no activity was detected on pNP-Araf, and the results obtained clearly indicated that these can be classified as arabinanases (Table 3) , with Abn43A acting more or less indiscriminately on linear and branched arabinan, whereas Abn43B can apparently only hydrolyze bonds in linear substrates (Fig. 3) .
HPAEC-PAD analysis of the reaction end products of SBA and LA hydrolysis showed that both Abf51A and Abf51B trunc released only arabinose, whereas Abn43A generated a range of AOSs, with arabinotetraose being the major product (48%), followed by arabinopentaose (23%), when LA was the substrate. Moreover, when acting on SBA, Abn43A released other unidentified oligosaccharides, which might correspond to branched AOS. Abn43B produced both arabinose and A2 as products, although the latter was a minor product being 15-fold less abundant on LA hydrolysis, suggesting that Abn43B displays exo-␣-L-1,5-arabinanase activity. In this respect, further investigation of the activity of Abn43B on linear AOSs (A2 to A6) revealed that the shortest oligosaccharide that is hydrolyzed is arabinotriose, with A2 remaining intact even after a 60-min incubation (Table 3) . Moreover, time course analyses revealed that Abn43B hydrolyzed A3 to A6 in exo-mode, releasing arabinose and A(n Ϫ 1) as sole products (Fig. 4A ). The hydrolysis of 1 mol of A3 was concomitant with the equimolar liberation of A2 and arabinose, and the hydrolysis of A6 (Fig. 4B ) proceeded through the successive production of A5 to A2, the reaction being complete after 1 h. In terms of relative efficiency, Abn43B appeared to be more active on A4 and A5 (3.5-and 2.5-fold, respectively) than on A3 or A6 (Table 3) , perhaps suggesting that the active site is composed of four or five subsites. Synergistic effects revealed by enzyme combinations. To reveal synergistic effects, the combined activities of Abf51A, Abf51B trunc , Abn43A, and Abn43B were tested using SBA and LA as substrates and different enzyme combinations (two, three, or four enzymes). Irrespective of the enzyme mixture, a synergistic effect was observed, with the maximum synergistic index always being Ͼ1.5 (Fig. 5A) . In reactions performed in the absence of Abf51A (i.e., in the presence of the three other enzymes), the final amount of arabinose released was only 21% of that obtained when all four enzymes were present, demonstrating the essential contribution of Abf51A. Moreover, although hydrolysis of SBA was slower when only Abf51A and Abn43B were deployed, the final yield (after 24 h) of arabinose nevertheless reached 1.89 Ϯ 0.01 mg (i.e., 91.5% of the maximum yield). It is also noteworthy that HPAEC-PAD analysis revealed that the profile of the reaction end products was progressively modified as the complexity of the enzyme mixture was increased (Fig. 6) . Indeed, as mentioned earlier, Abn43A alone released a range of linear and perhaps branched AOS (Fig. 6A ), but when this enzyme was used pairwise with Abf51A, peaks corresponding to putative branched structures disappeared (e.g., peak 3.1, Fig. 6B ). Similarly, when Abn43B was added, forming a three-enzyme mixture, the yield of arabinose and A2 was increased, while the peaks corresponding to longer linear AOS disappeared (Fig. 6C) . Finally, deployment of the complete cocktail procured the highest yield of arabinose, although some unidentified species persisted (e.g., peaks 4.1 and 5.1), even after 24 h (Fig. 6D) .
Testing the different enzyme combinations on LA provided similar results, although logically the presence of Abf51A was rendered superfluous, since this enzyme had already been shown to be inactive on LA. Monitoring the time-dependent release of reducing sugars from LA revealed that a core cocktail composed of Abf51B trunc , Abn43A, and Abn43B provided a clear synergistic effect during the initial stages of the reaction. However, after reaching a maximum, the synergistic index diminished to Ͻ1 after 8 h (Fig. 5B) . Presumably, this is because in the latter stages of the reaction, competition between the three enzymes for the soluble linear AOS becomes strong. Assuming that Abn43B might display catalytic processivity, its prolonged interaction with its substrate could hamper access to AOS by the other two enzymes. Finally, after long incubation periods, it is also possible that end product (arabinose) inhibition becomes an issue. Interestingly, when Abn43B and Abf51B trunc were paired, their combined action led to a final arabinose yield that was close to that achieved using all three enzymes (94%). However, the presence of Abn43A speeded up the reaction, since its presence ensured that the reaction was almost (97% of total reducing sugar released) complete after 4 h, whereas without it the yield of arabinose at this time point was only 70%. Finally, combining Abf51B trunc with either Abn43A or Abn43B to hydrolyze LA procured arabinose as the sole end product (data not shown), thus providing a clear indication that Abf51B trunc can hydrolyze the AOS (DP2 to DP6) produced by Abn43A. Interestingly, the unidentified peaks (e.g., 4.1 and 5.1) were absent at the end of LA hydrolysis by the four enzymes.
DISCUSSION
Several studies have revealed the presence of PUL in members of Bacteroidetes, a bacterial phylum that is represented among the inhabitants of termite guts (18, 30) . In a previous study, we isolated a Bacteroidetes-affiliated metagenomic DNA fragment from the gut microbiota of the fungal-growing termite Pseudacanthotermes militaris and revealed that this DNA bears four arabinofuranohydrolase-encoding ORFs (22) . This discovery led us to postulate that the metagenomic DNA fragment encodes a PUL that is probably responsible for the degradation of an arabinosecontaining polymer such as arabinan, a function that would be consistent with the diet of the animal host, known to feed on young plants such as sugarcane, which contains significant levels of pectins (9) .
The first indication that our hypothesis is correct was supplied by the results of a thorough bioinformatics study, which revealed a Sus-like organization among the genetic elements of the 41-kb metagenomic fragment (G12), a configuration that is common in Bacteroides species but has thus far not been reported in bacterial inhabitants of termite guts. A key indicator of sus-like gene clusters is the susC-susD pair (15, 31) , which encodes proteins that are responsible for cell surface substrate binding and transport to the periplasmic space, respectively (16) . Therefore, the identification of two susC and susD homologues (i.e., either araL and araK or araJ and araI) is significant, as is the presence of araM, which is highly similar to BT0366. The latter has been shown to be a twocomponent system sensor histidine kinase/response regulator that controls the expression of the PUL BT0348-69 from B. thetaiotaomicron (2) . Therefore, by analogy it is possible to assume that araM encodes the protein that regulates the expression of the G12-associated PUL. Finally, in addition to the fact that the different elements of G12 share high identity with those of the PUL BT0348-69, it is noteworthy these two DNAs display conserved synteny, which implies that the G12 and BT0348-69 PUL might originate from a common ancestor.
Regarding the four arabinofuranohydrolases, our results clearly indicated that these enzymes are able to degrade arabinan in a cooperative manner, with each enzyme contributing its specific catalytic attributes. Significantly, both so-called arabinanases, Abn43A and Abn43B, appear to share significant identity with Bt0360 and Bt0367, respectively, two B. thetaiotaomicron GH43 enzymes that also display arabinanase activity (32) . Nevertheless, the exact mode of action of Abn43B appears to be different from that of Bt0367 because, unlike Abn43B, the latter did display activity on SBA. In this respect, the mode of action of Abn43B appears to be unique in family 43, since exo-␣-L-1,5-arabinanase activity has thus far only been reported for enzymes belonging to the family GH93, although GH93 enzymes release arabinobiose, and not arabinose, as the major product from linear arabinan. Therefore, the mode of action of Abn43B is apparently quite original and is perhaps closer to that of an exo-␣-L-1,5-arabinofura- nosidase activity. In this respect, it is interesting that the active site of Abn43B appears to possess at least three subsites (Ϫ1 to ϩ2), with interactions in subsite ϩ2 being indispensable for the formation of a productive enzyme-substrate complex. The fact that Abn43B is more active on A4 or A5 than A3 further suggests the presence of a subsite ϩ3, and even a subsite ϩ4.
We also detected very distinctive arabinofuranosidase activities for Abf51A and Abf51B trunc , the former hydrolyzing both ␣-1,2 and ␣-1,3 linkages (in SBA and WAX). This is consistent with the fact that Abf51A shares quite good identity with Abf2 from Bacillus subtilis, an enzyme that displays highly similar catalytic properties (33) . That Abf51B trunc was also able to hydrolyze pNP-Galf (i.e., displays ␣-D-galactofuranosidase activity) is unsurprising, since such catalytic promiscuity has already been observed in other GH51 enzymes (34) and is due to tolerance in subsite Ϫ1 of the D-galactofuranosyl moiety, which can be considered to be a C5-hydroxymethylated analog of L-arabinofuranosyl.
Taken together, the results presented here allow us to propose a scheme describing how the G12-encoded PUL might degrade arabinan. Clearly, one might expect Abn43A to be the key depolymerizing enzyme in the process, releasing branched and linear AOS of DP4 and DP5 from the ramified polymer. Branched AOS would then constitute substrates for Abf51A, which would remove arabinose side chains and create debranched AOS substrates for Abn43B. The exo-action of the latter enzyme would mainly release arabinose from linear AOS, as would that of Abf51B trunc , which could mop up any residual arabinobiose left by Abn43B. Of course, this scheme is rather simplistic and certainly does not account for all of the complexity of the system, including the role of the uncharacterized Abf43C, which is the second catalytic domain of the Abf51B-Abf43C enzyme. In this regard, it is tempting to speculate that Abf43C is active on double-substituted (i.e., ␣-1,2 and ␣-1,3) arabinosyl moieties and allows hydrolysis of arabinan to go even further toward completion. Two observations support this speculation. First, Abf43C shares 75% of identity with Bt0369, a family GH43 enzyme from B. thetaiotaomicron that can remove O 2 -linked arabinose from both mono-and disubstituted arabinosyl moieties in arabinan (32) . Second, the action of a family GH43 Chrysosporium lucknowense arabinanase on SBA (35) has been shown to generate among its products two AOS bearing one double-substituted (i.e., ␣-1,2 and ␣-1,3) arabinosyl moiety each, whose HPAEC-PAD elution profiles coincide well with those species (peaks 4.1 and 5.1 in Fig. 6 ) produced in the present study by the combined action of the four enzymes on SBA. This implies that none of the tested enzymes are able to act on these doubly substituted products and provides the rationale for attributing this missing activity to Abf43C.
Originally, the fosmid clone G12 was selected on the basis of its ability to hydrolyze the synthetic substrate 5-bromo-4-chloro-3-indolyl-␣-L-arabinofuranoside, but not the chromogenic substrate azurine-cross-linked (AZCL) linear arabinan, implying that only arabinofuranosidase was expressed. In the present study, this assumption was corroborated by reverse transcription-quantitative PCR analysis, which showed that only Abn43B and Abf51B were expressed in E. coli (see the supplemental material). This finding adds further support to the claim that the genetic regulatory elements of members of Bacteroides are not always well recognized in E. coli (36) and further underlines the importance of cloning large metagenomic fragments, a strategy which offers the possibility to identify whole gene clusters, even when only one activity is expressed.
Currently, next-generation sequencing coupled to powerful metagenomics is increasingly providing the means to probe the complexity of complex gut-based microbial communities (15, 18) and thus shed light upon the intricate, multienzyme systems that are deployed by gut bacteria to hydrolyze complex substrates such as plant cell walls. Nevertheless, as exemplified in the present study, to acquire a complete understanding of these enzyme processes, it is necessary to obtain hard biochemical data, because even very sequence-related enzymes, such as Abn43B and Bt0367, can display subtle catalytic differences, which can modify the overall interpretation of the processes involved. In this regard, within the P. militaris metagenomic library we have identified several fosmids that bear gene clusters of Bacteroides origin, which appear to be responsible for functions, such as xylan and glucan degradation and utilization. Therefore, in future work we intend to pursue our functional approach in order to dissect more multienzymatic systems and begin to form a more complex picture of how the P. militaris gut microbiota deal with the polysacchariderich diet of its host.
